ABSTRACT An experiment was conducted to determine the relative bioavailability (RBV) of P in highprotein sunflower meal (HP-SFM) fed to broiler chickens based on bone traits and to determine the effects of dietary phytase supplementation and increasing levels of HP-SFM as a P source on bone traits, growth performance, and apparent ileal digestibility (AID) of DM and nutrients. In total, 240 broiler chicks were randomly allotted to 1 of 10 experimental diets with 6 replicate cages of 4 birds each and fed experimental diets from day 14 to 21 of age. Diets included a corn-soybean mealbased basal diet (0.35% total P; P-deficient diet), or the basal diet supplemented with 0.05, 0.10, or 0.15% P from either monosodium phosphate (MSP) or HP-SFM. Another 3 diets were formulated by supplementing the HP-SFM-containing diets with 500 phytase unit/kg of phytase. The bone mineral content (BMC), bone area (BA), and bone mineral density (BMD) of femur and tibia and tibia ash content increased (linear, P < 0.01) with increasing dietary P content from MSP. A linear increase in femur and tibia BMC, femur BA, and tibia BMD was also observed (P < 0.01) with increasing level of dietary P from HP-SFM. The RBV of P in HP-SFM based on femur and tibia BMC were 41 and 44%, respectively. Dietary phytase supplementation increased (P < 0.01) most of bone traits of the birds except for femur BMD. In addition, birds fed the diets supplemented with dietary phytase had greater (P < 0.05) BW gain, feed efficiency, and AID of P than those fed the diets without dietary phytase. In conclusion, the estimated RBV of P in HP-SFM to P in MSP were 41 and 44% based on femur and tibia BMC, respectively. Also, dietary phytase supplementation increased AID of P, growth performance, and bone traits of the birds fed P-deficient diets containing increasing inclusion level of HP-SFM as a P source.
INTRODUCTION
A need for finding cost-effective alternative feed ingredients is increasing due to the drastic increase in feed cost over the last decade (Woyengo et al., 2014) . Sunflower meal (SFM), a co-product of seed crushing industry, has been widely used as an alternative to soybean meal (SBM) in poultry diets (Pereira and Adeola, 2016) . In 2016, the world's estimate for the production of SFM was 24.6 million kg (IndexMundi, 2017) . Moreover, recent advances in de-hulling technology allow further processing of the de-hulled SFM to produce a high-protein SFM (HP-SFM). The HP-SFM has been reported to contain greater CP (46%) and less crude fiber (CF, 8 to 14%) compared to conventional (23 to 30% CP and 22 to 28% CF) and partially de-hulled (34 C (Villamide and San Juan, 1998; Attia et al., 2003; Lević et al., 2005; NRC, 2012) . Therefore, the use of HP-SFM in poultry diets is expected to increase due to its nutritional benefits such as high CP and low CF contents.
With respect to dietary phosphorus (P) supply, the use of digestible P contents rather than non-phytate P has been recommended because birds are able to partly digest phytate-bound P and utilize its end product (Mutucumarana et al., 2014) . Therefore, accurate determination of P digestibility in poultry feed ingredients is needed for accurate feed formulation. According to previous studies, the digestibility of P in SFM fed to broiler chickens ranged from 39 to 46% (Rostagno et al., 2005; Pereira and Adeola, 2016) . However, the availability of P in feed ingredients can also be estimated by measuring the relative bioavailability (RBV) of P using a slope ratio method (Cromwell, 1992) . It provides a combined estimation of digestive and metabolic utilization of P by comparing 2 slopes of regression analysis from the different sources of P (Ammerman, 1995) . Therefore, the RBV value of feed ingredients may also 298 be valuable information regarding available P for broiler chickens.
Recently, dual-energy X-ray absorptiometry (DEXA) has been used to determine bone mineral density (BMD), bone mineral content (BMC), and bone area (BA) of birds (Talaty et al., 2009; Liu et al., 2016) . These values have been reported to be highly correlated with typical biomechanical properties of bone such as bone breaking force, bone ash weight, and bone ash content in birds (Kim et al., 2006; Liu et al., 2016) . Therefore, these measurements can be used as response criteria for measuring the RBV of P in feed ingredients as tibia ash content which has been traditionally used as a response criterion (KarrLilienthal et al., 2005; Acosta et al., 2009 ). The RBV of P in SBM has been estimated based on the values measured by DEXA (Sands et al., 2003) . However, information on bioavailability of P in HP-SFM based on BMD, BMC, and BA is scarce and needs to be determined.
About 75% of P in most feed ingredients of plant origin is in the form of phytate-bound P, which is poorly utilized by poultry (Ravindran et al., 1995) . Due to this, inorganic sources of P are routinely added to poultry diets to meet the P requirement of birds (NRC, 1994) . However, this practice may cause environmental pollution due to excessive P excretion and increase feed costs due to extra P addition in poultry diets (Woyengo and Nyachoti, 2011) . To minimize these drawbacks, microbial phytase is routinely supplemented to the poultry diets because it increases digestibility of P in poultry diets and reduces P excretion into the environment (Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007) . However, limited information is available regarding the effects of dietary phytase supplementation on bone traits, growth performance, and nutrients digestibility in diets containing increasing levels of HP-SFM as a P source.
Thus, the objectives of this experiment were 1) to determine the RBV value of P in HP-SFM fed to broiler chickens based on bone traits and 2) to determine the effects of dietary phytase supplementation and increasing levels of HP-SFM as a P source on bone traits, growth performance, and apparent ileal digestibility (AID) of DM and nutrients.
MATERIALS AND METHODS
The experimental protocol used in the current study was reviewed and approved by the University of Manitoba Animal Care Committee, and birds were handled in accordance with the guidelines described by the Canadian Council on Animal Care (2009).
Birds, Diets, and Experimental Design
A total of 240 1-day-old male Ross 308 broiler chickens were obtained from a commercial hatchery (Carleton Hatcheries Ltd., Grunthal, Manitoba, Canada) and used in the current study. The chicks were individually weighed upon arrival and divided into 60 groups of 4 birds balanced for BW. They were then group-weighed and each group was housed in Petersime battery brooders (Petersime Incubator Co., Gettysburg, OH). From day 1 to 14 of age, birds were fed a commercial broiler starter (Landmark Feeds, Winnipeg, Manitoba, Canada) . On day 14, birds were re-weighed and allotted to 1 of 10 dietary treatments with 6 replicate cages of 4 birds each such that the average BW was similar across the dietary treatments. A corn-SBM basal diet (Table 1 ) was formulated to meet or exceed NRC (1994) nutrient requirements for 0 to 3 wk of broiler chickens except for total P (0.35%). The monosodium phosphate (MSP) was then added to the basal diet at the level of 0.05, 0.10, or 0.15% of total P at the expense of cornstarch. Additional 6 test diets were formulated to estimate the RBV of P in HP-SFM to P in MSP and to determine the effects of dietary phytase on bone traits, growth performance, and AID of nutrients. The HP-SFM was added to the basal diet at the level of 0.05, 0.10, or 0.15% of total P at the expense of cornstarch with or without phytase supplementation (500 phytase unit/kg). Titanium dioxide (TiO 2 ; Sigma Chemical Company, St. Louis, MO) was added at 0.3% of the experimental diets as an indigestible marker to determine AID of DM and nutrients. Birds were fed experimental diets from day 15 to 21 and had free access to water and feed throughout the experimental period. The brooder and room temperature were set at 32 and 29
• C, respectively, during the first week. Thereafter, heat supply in the brooder was switched off and room temperature was maintained at 28 and 24
• C during week 2 and 3, respectively. Light was provided for 24 h daily throughout the experiment. Body weight and feed consumption at the end of experiment were recorded for the calculation of BW gain, voluntary feed intake, and feed efficiency.
Sample Collection and Chemical Analyses
At the end of the experiment (day 21), birds were euthanized by cervical dislocation and ileal digesta (from the middle of the ileum to approximately 1 cm above the ileocecal junction) were collected (Woyengo and Nyachoti, 2012) . Digesta from birds within a cage were pooled into 1 bag and frozen immediately after collection and subsequently freeze-dried for determination of AID of DM, nitrogen (N), calcium (Ca), and P. One bird per cage with a BW close to the average pen BW was selected to collect blood and bone samples. Blood sample was collected via heart puncture into vacutainer tubes (BD Vacutainer, Becton Dickinson and Co, Franklin Lakes, NJ) and were centrifuged immediately after collection at 2,000 × g for 15 min at 4
• C to recover plasma for determination of plasma P concentration. Aliquots of plasma were stored immediately at −20 • C until required for analysis. The left and right femur and tibia were excised, and right side bones were scanned to determine BMC, BMD, and BA using a DEXA (Norland, Ontario, Canada). The left tibia was fat extracted with ethanol in a soxhlet apparatus for 16 h, followed by a 16-h extraction with ethyl ether. The dried and fat-extracted tibia was ashed for 18 h at 600
• C in a muffle furnace to measure tibia ash content.
Ingredients, diets, and ileal digesta samples were analyzed for DM, CP (N × 6.25), Ca, and P. Diets and ileal digesta samples were further analyzed for TiO 2 . Gross energy content was also determined for ingredients and diets samples. The DM content was measured according to the AOAC (method 934.01; 2006) and the GE was determined using an adiabatic bomb calorimeter (model 6400; Parr Instrument, Moline, IL), which had been calibrated using benzoic acid as a standard. The N content was determined by the combustion method according to the AOAC (method 990.03; 2006) using the LECO N analyzer (model CNS-2000; LECO Corp., St. Joseph, MI). The ash content was measured according to the AOAC (method 942.05; 2006). The Ca (method 968.08) and P (method 946.06) were analyzed according to the AOAC (2006) and read on a Varian inductively coupled plasma mass spectrometer (Varian Inc., Palo Alto, CA). The TiO 2 concentration was analyzed according to Lomer et al. (2000) . Phytate concentration in the HP-SFM was measured according to the Ellis et al. (1977) , and non-phytate P was calculated by subtracting phytate-bound P from total P.
Calculation and Statistical Analysis
The AID of DM, N, Ca, and P were calculated using the following equation as described by Koo et al. (2017) :
where N d and N f represent the DM and nutrients concentrations (%) in digesta and diet DM, respectively, and T d and T f represent the TiO 2 concentrations (%) in digesta and diet DM, respectively.
All data were analyzed using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC). The cage was the experimental unit for growth performance and AID of DM and nutrients whereas the individual bird was considered the experimental unit for bone traits and plasma P. Orthogonal polynomial contrasts were used to examine the relationship between growth performance, bone traits, or plasma P concentration and supplemental P from MSP or HP-SFM. The RBV of P in HP-SFM was estimated by slope ratio comparisons using multiple linear regression analysis using MSP as the reference source (100%). Femur and tibia mineral contents were regressed on supplemental P intake using the basal diet as a common intercept (Littell et al., 1997) . Regression using bone mineral contents met all 3 assumptions (linear responses, common intercept, and equality of the common intercept to the mean for basal group) for the slope-ratio assay (Littell et al., 1997) .
To determine the effects of phytase supplementation and increasing inclusion level of HP-SFM in diets and their interaction, data were analyzed using the (Tran and Sauvant, 2004) .
2 Nonphytate P was calculated as the difference between total P and phytate-bound P.
MIXED procedure with a 2 × 3 factorial arrangement. The model included the main effects of phytase supplementation and increasing level of dietary P from HP-SFM, and their interactions. The LSMEANS procedure was used to calculate mean values, and the PDIFF option with the Tukey's adjustment was used to separate means. Probability of P < 0.05 was considered significant, whereas 0.05 < P ≤ 0.10 was considered a tendency.
RESULTS
The P contents of the diets containing increasing inclusion level of MSP increased from 0.40 to 0.48, and 0.52% as expected (Table 1) . Likewise, the analyzed P contents of the diets that were formulated to contain increasing level of P from HP-SFM increased from 0.41 to 0.45, and 0.51. Therefore, the P-supplemented diets all contained amounts of P that were close to expected values. Total P content of the HP-SFM used in this experiment was 1.87% (Table 2) . Also, 54% of total P in the HP-SFM was bound to phytate.
Effects of Increasing Level of Phosphorus from MSP or HP-SFM and RBV of Phosphorus
The BMC, BA, and BMD of femur and tibia and tibia ash content increased (linear, P < 0.01) as the dietary content of P from MSP increased (Table 3) . Linear increase in femur and tibia BMC, femur BA, and tibia BMD was also observed (P < 0.01) with increasing level of dietary P from HP-SFM. However, the femur BMD and tibia ash content were not affected by increasing level of dietary P from HP-SFM. The plasma P concentration linearly increased (P < 0.05) as dietary P content from MSP and HP-SFM increased. Feed intake, BW gain, and feed efficiency increased (linear, P < 0.01) with increasing inclusion level of P from MSP and HP-SFM (Table 4) .
The RBV values of P in HP-SFM to P in MSP estimated using femur and tibia BMC are shown in Figures 1 and 2. When supplemental P intake was used as the independent variable in multiple linear regression analysis, the values for the RBV of P in HP-SFM estimated using femur and tibia BMC were 41 and 44%, respectively. The bioavailability of P in HP-SFM estimated using femur and tibia BMC were less (P < 0.01) than that of P in MSP. The coefficient of determination (R 2 ) values of the multiple linear regressions from femur and tibia BMC were 0.86 and 0.87, respectively.
Effects of Dietary Phytase Supplementation and Increasing Dietary Phosphorus from HP-SFM
Dietary phytase supplementation increased (P < 0.01) most of bone traits and plasma P concentration of the birds except for femur BMD (Table 5) . Also, increasing dietary P content from HP-SFM increased (P < 0.05) femur BMC and BA, tibia BMD, BMC, and ash content. Interactions between phytase supplementation and dietary P content from HP-SFM were observed (P < 0.05) for femur BMC and BA, tibia BMD, BMC, and ash content, and plasma P concentration. The phytase responses, however, were influenced by the dietary P content from HP-SFM as indicated by phytase × dietary P level from HP-SFM interactions for most of the bone traits and plasma P concentration except for femur BMD and tibia BA. At the lowest dietary P content, the dietary phytase addition had little effect on the bone traits and plasma P concentration, whereas at the highest dietary P content, the greatest responses were observed.
Feed intake was not different among dietary treatments (Table 6 ). However, BW gain and feed efficiency of the birds fed the diets supplemented with dietary phytase were greater (P < 0.05) than those fed the diets without dietary phytase. Although increasing dietary P content from HP-SFM did not affect feed intake, BW gain and feed efficiency of the birds fed diets containing the highest inclusion level of HP-SFM were the highest (P < 0.05) but these were the lowest (P < 0.05) for the birds fed the diets containing the lowest inclusion level of HP-SFM.
The AID of DM, N, and Ca were unaffected by phytase supplementation and increasing dietary P content from HP-SFM (Table 7) . However, the birds fed the diets supplemented with dietary phytase had greater (P < 0.05) AID of P than those fed the diets without phytase supplementation. Also, a tendency (P = 0.05) for interaction between phytase supplementation and dietary P content from HP-SFM was observed for AID of P.
DISCUSSION

Effects of Increasing Level of Phosphorus on Growth Performance and Bone Traits
Linearly increased feed intake, BW gain, and feed efficiency with increasing level of P from MSP and HP-SFM were observed in the current experiment, mainly due to the increased P supply to the birds fed Pdeficient diets. Increases in feed intake, BW gain, and feed efficiency in response to increasing level of P have been reported when P-deficient diets were fed to the birds (Sands et al., 2003; Martinez Amezcua et al., 2004; Karr-Lilienthal et al., 2005) .
Recently, the BMD and BMC of birds measured by DEXA have gained great attention because those values are highly correlated with typical biomechanical Table 5 . Effects of dietary phytase supplementation and added phosphorus (P) levels from high-protein sunflower meal (HP-SFM) on bone traits and plasma P. a-c Means without a common superscript within a column differ (P < 0.05). 1 Each value represents the mean of 6 observations. 2 BMC = bone mineral content; BA = bone area; BMD = bone mineral density. Table 6 . Effects of dietary phytase supplementation and added phosphorus (P) levels from high-protein sunflower meal (HP-SFM) on growth performance of broiler chicks from day 15 to 21. properties of bone such as bone breaking force, bone ash weight, and bone ash content in chickens (Kim et al., 2006; Liu et al., 2016) . Thus, the clear response of femur and tibia BMD, BMC, and BA to increasing level of dietary P was expected when birds were fed Pdeficient diets because increased tibia ash weight and content have been reported in birds fed P-deficient diets with increasing dietary P content (Dilger et al., 2004; Cowieson et al., 2006) . In agreement with previous observations, linear increases in most of the bone traits were also observed with increasing dietary P content from MSP or HP-SFM except for tibia ash content in the current study, which may support the possibility of using BMC, BMD, and BA measured by DEXA as a reliable and accurate tool for assessing the mineralization of bones with live birds.
Relative Bioavailability of Phosphorus in HP-SFM
Inorganic P sources such as MSP are included in diets as additional P supplements and MSP can be used as a reference source when the RBV of other feed ingredients is estimated (Cromwell, 1992) . In this study, several response criteria were used as dependent variables (i.e., BMC, BMD, and BA) to estimate the RBV of P in HP-SFM to P in MSP with supplemented P intake as the independent variable. When the BA or BMD was used as the response criterion, the assumption for the slope-ratio assay was not satisfied due to the different common intercept of 2 slopes from multiple linear regressions (Littell et al., 1997) . This observation was also reported by the Sands et al. (2003) , which may indicate that the BMC is more reliable response criterion to estimate the RBV of P compared to the BA and BMD. In addition, the R 2 of the regression analyses from femur and tibia BMC (0.86 and 0.87%) were generally high. Therefore, the RBV of P in HP-SFM was estimated based on either femur or tibia BMC. The estimated RBV of P in HP-SFM to P in MSP were 41 and 44% based on femur BMC and tibia BMC, respectively. The slopes of reference P source (MSP) Table 7 . Effects of dietary phytase supplementation and added phosphorus (P) levels from high-protein sunflower meal (HP-SFM) on apparent ileal digestibility of dry matter (DM), nitrogen (N), P, and calcium (Ca). and test P source (HP-SFM) were significantly different when these were regressed on femur and tibia BMC. Indeed, the less RBV of P in HP-SFM compared to P in MSP was expected because 54% of P in HP-SFM was phytate-bound P, which is poorly digested by the digestive system of poultry (Ravindran et al., 1995) . To the best of our knowledge, no study has reported the RBV of P in HP-SFM. Therefore, it appears to be difficult to compare results of the present study with previously reported values. We, however, have attempted to compare the results of the current study with similar studies. The RBV of P in SBM to P in MSP has reported to be 39% based on BMC of broiler chickens (Sands et al., 2003) . In addition, the RBV of P in corn distillers' dried grains with solubles (DDGS) reported by Martinez Amezcua et al. (2004) was 75% when it was estimated from tibia ash content. The greater phytatebound P concentration (% of total P) in SBM (NRC, 2012; 54%) compared to the corn DDGS (NRC, 2012; 36%) might have resulted in different RBV values. In addition to this, the response criteria for estimation of the RBV values (i.e., BMC and tibia ash concentration) may also lead to the different values. Indeed, the RBV of P in pea estimated based on tibia ash as response criteria was reported to be lower than the value estimated based on final BW, ADG, or bone mineral density as response criterion, which indicates that the RBV of P may vary depending on the response criterion used for the estimation of RBV (Woyengo et al., 2016) . It has also been suggested that the bioavailability of minerals can be affected by the several factors such as digestion, absorption, and final utilization of minerals in the body of animal, which considerably vary with different experimental conditions including species of animals, diets, environments, and response criteria (Fairweather-Tait, 1987).
Effects of Dietary Phytase Supplementation and Increasing Dietary Phosphorus from HP-SFM
In the current study, the birds fed diets containing the lowest inclusion level of HP-SFM had the least BW gain, feed efficiency, and most of the bone traits among the 3 inclusion levels of HP-SFM. These results were in agreement with previous observations (Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007) . Insufficient P intake of the birds due to the low level of dietary P content may have contributed to the reductions in growth performance and bone mineralization. However, it should be noted that the increase in dietary amino acids concentration as a consequence of HP-SFM inclusion may also partly affect the growth performance of the birds in this study.
Monogastric animals such as poultry and swine have insufficient ability to hydrolyze phytate-bound P into inorganic P due to the lack of endogenous phytase secretion. Therefore, much of P in feed ingredients of plant origin are unavailable to these animals and excreted to the environment (Dilger et al., 2004; Kim et al., 2017) . To reduce feed costs and environmental pollution, dietary exogenous phytase, which liberates P from phytate-bound P and improves P availability, has been commercially produced and widely used in poultry and swine diets (Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007) . The use of dietary phytase in P-deficient diets benefits utilization of phytatebound P (Cowieson et al., 2006) , and has been reported to improve BW gain, tibia ash concentration, and nutrient digestibility in broiler chickens (Shirley and Edwards, 2003; Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007; Woyengo and Nyachoti, 2011) . Increased BW gain and feed efficiency and improved bone traits observed in the current study were in accordance with the previous observations. These results are most likely resulted from improved P digestibility of the diets, and therefore increased P availability due to dietary phytase supplementation. Indeed, the greater AID of P in birds fed diets with phytase than those fed diets without phytase is further supporting the observations.
In conclusion, based on the linear increases in femur and tibia BMC of the birds fed P-deficient diets with increasing level of dietary P, the estimated RBV of P in HP-SFM to P in MSP were 41 and 44%, respectively. Also, dietary phytase supplementation increased AID of P, growth performance, and bone traits of the birds fed P-deficient diets containing increasing inclusion level of HP-SFM as a P source.
